introduction
Polyethylene glycol (PEG) has been utilized as a biocompatible material. For example, PEG was applied as a precipitating agent for crystallization of proteins, 1 a filter for osmotic ultrafiltration, 2 DNA introduction into cell 3 and cell fusion reagent, 4 and in other researches in biology. [5] [6] [7] PEG was also useful as separation media for protein analysis 8, 9 because PEG does not specifically interact with biomaterials. Based on these results, we have applied PEG-based polymers for new affinity resins to improve the searching target protein. [10] [11] [12] [13] [14] In our previous papers, [10] [11] [12] PEG-based polymers having co-continuous structure (monolithic structure) were prepared to be utilized as new affinity resins to capture target proteins of bioactive compounds (ligands). The affinity resin Moli-gel successfully captured the target protein, with greater suppression of non-specific binding proteins compared to those on commercially available affinity resins.
However, unexpected affinity results were obtained during the affinity tests. 14 We utilized the non-steroidal anti-inflammatory drugs, ibuprofen, ketoprofen, and aspirin as ligands. The common target protein of these ligands was cyclooxygenase-1 (COX-1). As a general affinity test result in SDS-PAGE analysis, a band suggesting a possible target protein is observed on only (-) lane. The band is not observed on the competitive lane ((+) lane) because the target protein preferably binds the free ligand added in the rest solution. We judge a target protein toward the ligand from differences of the (-) and (+) lane bands.
The results found on Moli-gel-based affinity resin immobilizing ibuprofen or ketoprofen were that the bands suggesting COX-1 were also observed on (+) lane even without non-specific binding proteins. 14 In addition, when ibuprofen and ketoprofen were used as ligands, Moli-gel-based affinity resins captured COX-1; on the contrary, the commercial affinity resin did not capture it. Moreover, when aspirin was utilized as ligand, the Moli-gel-based affinity resin captured no COX-1, but commercial affinity resins captured it. It was found that performances of Moli-gel-based affinity resins and commercial affinity resins afforded completely contrary results even with the ligands having the same COX-1.
Shimizu reported an affinity test using FK506 as a ligand. There was a captured FKBP band on (-) lane clearly, while on the (+) lane, the bands gradually disappeared; finally, it could not be observed on (+) lane 15 by SDS-PAGE. The results obtained through our affinity test clearly suggest that the base material of affinity resin strongly affects the affinity results. Therefore, we have decided to evaluate the basic properties of Moli-gel, in other words, the chemical surface properties of the PEG-type monolithic polymer. In this research, we have prepared PEG-type polymer-based monolithic column (PEG-type column) in the capillary (0.53 mm i.d.) using PEG-type cross-linkers having different numbers of ethylene oxide units, and we have studied basic chromatographic properties with semi-micro HPLC system using several benzene derivatives. We also compared these results with those of a 2010 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. We have prepared polyethylene glycol (PEG)-type, polymer-based monolithic columns (PEG-type columns) to study the basic properties of PEG-type monolithic polymers. Chromatographic characteristics of the PEG-type columns were obtained using a semi-micro HPLC system while polycyclic aromatic hydrocarbons and benzene derivatives having various functional groups were utilized as solutes. Results were compared with those of commercially available polymer-based packed columns. PEG-type columns showed greater recognition ability for planar solutes based on separation factors, α (k triphenylene/k o-terphenyl) and α (k pyrene/k naphthalene). Benzene derivatives having a carboxyl group or a phenolic hydroxyl group, i.e., benzoic acid and phenol, tended to be retained more preferentially on the PEG-type column than other solutes without a carboxyl group or a phenolic hydroxyl group. These recognition abilities towards carboxyl group and/or phenolic hydroxyl group were found to be greater on the PEG-type columns having the longer ethylene oxide chains. However, unexpectedly HILIC mode did not work, even in 95% AN mobile phase, for nucleic-acid bases, benzoic acid, or phenol that careful studies suggested hydrophobic interaction was the dominant retention mechanism, while relatively weak hydrogen bonding between proton on carboxyl group or phenolic hydroxyl group of the retained solutes and oxygen in ethylene oxide chain on the PEG-based polymer prolonged the hydrophobic-based retentions. commercially available polymer-based packed column to elucidate the differences between Moli-gel and commercial polymers.
Experimental

Monomers
The structures of monomers utilized in this work are illustrated in Fig. 1 . Polyethylene glycol 200 dimethacrylate (4G), polyethylene glycol 400 dimethacrylate (9G), and polyethylene glycol 600 dimethacrylate (14G) were kindly donated from Shin-Nakamura Chemical Co. Ltd. (Wakayama, Japan), and were utilized as received. A mono-functional monomer, (2-methoxyethoxy)ethyl methacrylate (DEG-m), was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) and utilized as received. Ethylene dimethacrylate (EDMA) was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and utilized after purification by suitable distillation.
Other materials
Diethylene glycol (DEG-p) utilized as porogenic solvent, 2,2′-azobis(2,4-dimethylvaleronitrile) (ADVN) utilized as a radical initiator, pyridine, 1 N NaOH aqueous solution, and 1 N HCl were purchased from Wako. Hexaethylene glycol (HEG-p), used as the other porogen for EDMA, was purchased from Sigma Aldrich (St. Louis, USA). Vinyltrimethoxysilane (VTMS) was purchased from TCI. Pyridine, 1 N NaOH, 1 N HCl, and VTMS were utilized for surface-modification of the capillary inner walls.
A 0.53-mm i.d. × 0.66-mm o.d. fused-silica capillary was purchased from GL Sciences Inc. (Tokyo, Japan).
Solvents
Ultrapure water was obtained through a Milli-Q GPA system, while methanol (MeOH) purchased from Wako was purified by a suitable distillation. Acetonitrile (AN) and ethyl acetate (HPLC grade) were purchased from Wako. Acetonitrile-D3 and tetramethyl silane for 1 H-NMR analysis were also purchased from Wako.
Solutes and parameters
All the alkylbenzenes, aromatic carboxylic acids, phenols, polycyclic aromatic hydrocarbons, and polystyrene standard were commercially available and were used as the solutes.
Chromatographic retention properties of each column were evaluated based on retention factor (k) and separation factor (α). Retention factor (k) is calculated by formula (1):
(tR, retention time of solute; t0, retention time of water) (1)
Separation factor (α) was calculated by formula (2):
Especially, when benzene was utilized as reference solute 2, the α was termed as the relative k value based on the benzene ring.
Instruments
A semi-micro HPLC system for the studies of prepared PEG-type column consisted of a Shiseido NANOSPACE SI-2 3101 as chromatographic pump, a NANOSPACE SI-2 3010 as on-line degasifier, a NANOSPACE SI-2 3004 as chromatographic oven, and a NANOSPACE SI-2 3002 as UV detector; a Shimadzu LC-10ADVP was utilized as chromatographic pump, CTO-10AVP as chromatographic oven, SPD-M10AVP as UV detector, and SCL-10AVP as system controller for evaluations of the commercially available columns. The scanning electron micrograph was obtained using a Miniscope TM-1000 (Hitachi). Ion spattering was carried out by E-1010 (Hitachi) before the SEM observations. Glass transition temperatures of PEG-type polymers were recorded on an Ez Thermo plus TG 8120 (Rigaku).
1 H-NMR spectrum was measured with a 400 Ultrashield TM 400 MHz instrument (Bruker).
LC-10AT (Shimadzu) was utilized for washing capillary columns after the polymerization. A commercially available polymer-based packed column, RSpak (DE-413S, 4.6 mm i.d. × 50 mm, Shodex (PMA column)) was utilized as reference column in this work.
Surface modification of capillary inner wall
The 0.53 mm i.d. capillary was washed with 1 N NaOH aqueous solution and kept at 60 C for 1 h, followed by washing with pure water. The capillary was further washed with 1 N HCl and kept it at 60 C for 1 h, followed by washing with pure water and acetone. After complete removal of acetone by air flow, pyridine and VTMS (1:1, v/v) were flowed through the capillary and it was kept at 80 C for 24 h. After the reaction, the modified capillary was washed with MeOH and kept at 80 C to remove the MeOH. The same modification procedure was applied again for further modification studies.
Preparation of PEG-type columns, EDMA, 4G, 9G, and 14G columns and measurement of glass transition temperatures of 4G, 9G, 14G polymers
A cross-linker (0.607 mmol) (EDMA 120.3 mg, 4G 200.4 mg, 9G 334.0 mg, or 14G 476.5 mg) and DEG-m (0.137 mmol) (25.8 mg) were completely dissolved in the porogenic solvent (EDMA into HEG-p, other cross-linkers into DEG-p) (calculated porosity was 78%). This monomer solution was deaerated by argon for 3 min and injected into the surface-modified capillary (0.53 mm i.d. × 500 mm). The polymerization was carried out at 60 C for 24 h. The resulting capillary was washed with MeOH. It was cut out in 100 mm (4G, 9G columns) or in 50 mm (14G column) lengths and used as columns which were directly jointed through a capillary sleeve and nuts to the HPLC system. 4G, 9G, and 14G monomer solutions were prepared again with porosity up to 65% by the same process. This solution was poured into a 2.0-ml Eppendorf tube and polymerized at 60 C for 24 h. The resulting PEG-based polymer (4G, 9G, or 14G polymer) was washed and dried to measure transition temperatures (condition: rate of temperature rising, 5 K/min; ambient atmosphere, N2; standard sample, Al2O3).
Measurement of 1H-NMR
Benzoic acid 6 mg, 9G 20 μl, or benzyl alcohol 20 μl was dissolved in AN-D3 (1 ml). The benzoic acid solution was 
results and Discussion
Observation of cross-sections of PEG-type columns by SEM
We tried to prepare an EDMA monolithic column, but it was not washable with MeOH after the polymerization. In fact, EDMA polymer was flown out from the capillary even with the inner walls modified by MeOH flow. On the other hand, 4G, 9G, and 14G columns were successfully prepared to be washable with MeOH. The cross-sections of 4G, 9G, and 14G columns are shown in Fig. 2 with each magnified micrograph. The boundary between the polymer showing the monolithic structure and the inner wall looked closely connected. Generally, a polymer based-capillary column has been prepared in the capillary column having a relatively narrow i.d. such as 50 -100 μm because of shrinkage of the polymer. 9, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In this experiment, in spite of the wider 0.53 mm i.d. capillary, PEG-type monolithic polymers were formed homogeneously. As shown in Fig. 1 , the domain size (one skeleton size + one pore size) was much smaller in 14G column than those of 4G and 9G columns. The glass transition temperatures of 4G, 9G, and 14G polymers were found to be 109, 120, and 126 C, respectively. These results could support the conclusion that molecular coordinations of PEG-based polymers were greater when the lengths of ethylene oxide chains of PEG-type cross-linkers were longer.
Aoki reported that monolithic structure formation was related to molecular interactions among monomers utilized. 26 The interaction such as hydrogen bonding was reported to assist molecular coordination between cross-linkers. As a result, monolithic structure was successfully formed.
14G column had the smallest domain size, judging from the results of Fig. 2 and had higher glass transition temperatures among the PEG-based polymers. We thus concluded that 14Gs and the growing 14G polymer chains had the greatest molecular coordination among the no PEG-type cross-linkers and their polymers during polymerization.
Therefore, EDMA based-monolithic column was successfully obtained in this study. Table 1 shows the recognition ability towards planar as well as sterically bulky solutes on 9G column and commercial polymer column PMA.
Separation factors α (k triphenylene/ k o-terphenyl) and α (k pyrene/k naphthalene) on 9G column were both greater than those on PMA column. These findings suggest that molecular coordination of PEG-based polymer will lead to preferable retention of planar solutes and adverse retention of sterically bulky solutes on 9G column. Moreover, when polystyrene standards (MW 1.99 × 10 3 -1.95 × 10 6 ) were utilized as solutes in ethyl acetate as mobile phase, the 9G column did not work in SEC mode.
From the standpoint of our preparation methods of PEG-based polymers, a single porogen having low molecular weight was utilized to realize monolithic structures. However, Li reported that plural porogen having high molecular weight was utilized in preparations of polymer-based columns for size exclusion chromatography of proteins. 9 The better resolution was realized with a monolithic column having larger mesopore volume prepared using higher molecular weight porogen. Hence, the 9G column tended not to retain sterically bulky solutes longer because mesopores were not formed in 9G polymer.
Retention properties of methyl benzoate and benzoic acid on PMA column, 4G, 9G, and 14G columns
If retention behaviors for methyl benzoate and benzoic acid were compared on the PMA column and PEG-type columns, interesting retention behaviors were observed on the PEG-type columns as shown in Fig. 3 . On PMA column, the relative k value of methyl benzoate was much larger than that of benzoic acid, while the difference in relative k values of both solutes got smaller on 4G column than that on PMA column. On the other hand, on 9G column, the relative k value of benzoic acid was much greater than that of methyl benzoate, while the relative k value of methyl benzoate was the same as that on 4G column. 14G column, however, showed almost the same retention behavior on 9G column even with longer ethylene oxide units. These results suggested that the number of ethylene oxide units, nine, was enough to affect retention behavior. Therefore, for further studies, 4G, 9G column and PMA column were compared. 
Relative k values of polar solutes benzyl alcohol, benzoic acid, and phenol
The relative k values of benzyl alcohol, benzoic acid, and phenol on PMA column, 4G, and 9G columns are summarized in Table 2 . All relative k values of each solute on 9G column were the largest among those on columns. Especially, the relative k values of benzoic acid and phenol on 9G column were greater than 1, which meant that benzoic acid and phenol were retained longer than benzene although the log P values of benzoic acid and phenol (1.86 and 1.64, respectively) were lower than that of benzene (2.03).
In Tables 3 and 4 , α (-COOH) calculated using k phthalic acids divided by k benzoic acid and α (-OH) calculated using k benzene diols divided by k phenol are shown, respectively.
All the values on the 9G column were the largest. These findings strongly suggested that the contribution of one carboxyl group or phenolic hydroxyl group on retention with 9G column was the largest among other columns. The lengths of ethylene oxide units of PEG-type column contribute to these retentionability values. This might be the reason why the retention behaviors of methyl benzoate and benzoic acid on 9G column showed converse results compared with those on PMA column and 4G column as shown in the previous section. Again, these results were only expected because the protons of the carboxyl group or phenolic hydroxyl group interacted with the ethylene oxide chains.
Retention profiles for nucleic-acid bases, benzoic acid and phenol
In this section, the effects of contents of AN in mobile phase on k values of nucleic-acid bases, benzene, and toluene are discussed. The results are depicted in Fig. 4 . With increment of the content of AN, k values of hydrophobic solutes, benzene and toluene were diminished. This proves that reversed-phase mode separation dominantly worked on 9G column. Interestingly, the k values of hydrophilic solutes, nucleic-acid bases, adenine, cytosine, thymine, and uracil were found to be meant the zero through all the contents of AN tested. These findings unexpectedly suggested that hydrophilic interaction chromatography (HILIC) did not work on 9G columns even if 9G polymer had strong hydrophilic properties. On the other hand, Kubo reported that nucleic-acid bases were retained by Table 2 Relative k values for benzyl alcohol, benzoic acid, and phenol on PMA column, 4G and 9G column HPLC conditions are the same as those in Fig. 3 . HILIC mechanism on a hydrophilic polymer-based monolithic column having PEG-like units and several hydroxyl groups in it. 25 One of the reasons for no HILIC mode on 9G column was that the 9G polymer did not have any hydroxyl groups. This is also an interesting point.
For benzoic acid and phenol, the same experiments were conducted. The effects of contents of AN in mobile phase on k values (benzoic acid and phenol) are shown in Fig. 5 . With increment of content of the AN, k benzoic acid and k phenol were both diminished. HILIC mode did not work on 9G column for these solutes even in acidic mobile phase. Judging from the 1 H-NMR spectrum of mixture of benzoic acid and 9G or benzyl alcohol in AN-D3, one can conclude that hydrogen bonding exists in a spectrum of benzoic acid and benzyl alcohol, while on the contrary, that of benzoic acid and 9G did not afford an evidence of hydrogen bonding. These findings suggest that hydrogen bonding does not work effectively between the solute and 9G monomer.
Retention properties towards aromatic carboxylic acids and phenols
Log k values on PMA column were plotted against log k values on 9G column as shown in Fig. 6 . Alkylbenzenes' standard line (a) was drawn in the figure. The relationship between the number of carbons in alkylbenzenes (n = 0 -6) and log k was calculated: log k = 0.178n + 0.152, R 2 = 0.999. The line (b) was parallel to the alkylbenzenes' standard line. On the line (b), plots of benzoic acid (1) and o-, m-, p-toluic acids (14, 15, 16) were plotted. This collimation indicated that the retention of the solutes, benzoic acid and toluic acids attributed contribution of carboxyl group for retention to parallel shift of the retention of benzene and toluene, respectively. Line (c) was also the parallel shift of line (a) and (b). There was the plot of phenol (3) on the line. Further parallel shift of line shown as shadow area (d) covered the plots of m-, p-phthalic acids (6, 7) , m-, p-hydroxybenzoic acids (9, 10) , and m-, p-benzene diols (12, 13) . Retentions of these solutes having two substituted carboxyl groups and/or phenolic hydroxyl groups added further contributions of carboxyl groups and phenolic hydroxyl groups to the retentions of benzoic acid and phenol. All the findings strongly suggested that retention mechanisms on 9G column was mainly attributed to hydrophobic interaction, then the solutes were further retained with the contribution of relatively weak hydrogen bonding between carboxyl group or phenolic hydroxyl group and ethylene oxide units.
In contrast, the plots of o-phthalic acid (5), o-hydroxybenzoic acid (8) , and o-benzene diol (11) were out of the shadow area. Some reasons can be pointed out, including decrease of hydrogen bonding interaction between the solute and stationary phase and increment of hydrophobicity of the solute by intra-molecular hydrogen bonding interaction, and exclusion of the solute by some bulkiness based on ortho substituents related to retention behavior. However, the contribution of each parameter is not yet clear.
The plots of other solutes not having carboxyl group or phenolic hydroxyl group were located near the alkylbenzenes' standard line.
Previously, in our affinity tests, we have utilized ibuprofen, ketoprofen, aspirin, and other carboxyl acid compounds as the ligands. [11] [12] [13] [14] It was possible to affect the results of affinity tests for capturing the target protein by the peculiar interaction between Moli-gel (9G polymer) and ligands.
Validation for 9G based capillary column
The key solutes in the above examinations were methyl benzoate and benzoic acid; therefore, methyl benzoate and benzoic acid along with benzene were utilized as solutes for validation tests of 9G column. The coefficient of variation (CV value) (n = 3) of retention time on 9G column is shown in Table 5 . Inter-column and intra-column repeatabilities of retention time for each solute were examined. All of the CV values were smaller than 1.5%. Therefore, the results examined with 9G column enjoy good repeatability and validity of retention properties.
Conclusion
PEG-based polymers formed in monolithic formats using PEG-type cross-linkers having different lengths of ethylene oxide chain in 0.53 mm i.d. capillary. HPLC evaluations and comparisons with commercially available polymer-based packed column elucidated the properties of PEG-type columns. The properties of PEG-type columns (polymers) are mentioned below.
· PEG-type column (polymer) had high recognition abilities of planar solutes. · Aromatic carboxylic acids and phenols were retained more strongly on PEG-type column than on commercially polymer-based packed column. · HILIC mode did not work on PEG-type column. · Retention mechanisms of aromatic carboxylic acids and phenols were retained mainly based on hydrophobic interaction, incrementally, with additional weak hydrogen bonding between proton in carboxyl group or phenolic hydroxyl group of solute and the ethylene oxide chain in the PEG-based polymer. · The PEG-type column was proved to have good repeatability and validity based on retention properties. 
